Single crystals of AlFe2B2 have been grown using the self flux growth method and then measured the structural properties, temperature and field dependent magnetization, and temperature dependent electrical resistivity at ambient as well as high pressure. The Curie temperature of AlFe2B2 is determined to be 274 K. The measured saturation magnetization and the effective moment for paramagnetic Fe-ion indicate the itinerant nature of the magnetism with a Rhode-Wohlfarth ratio M C M sat ≈ 1.14. Temperature dependent resistivity measurements under hydrostatic pressure shows that transition temperature TC is suppressed down to 255 K for p = 2.24 GPa pressure with a suppression rate of ∼ −8.9 K/GPa. The anisotropy fields and magnetocrystalline anisotropy constants are in reasonable agreement with density functional theory calculations.
INTRODUCTION
In recent years, AlFe 2 B 2 has attracted a growing research interest as a rare-earth free ferromagnet that might have potential as a magneto-caloric material [1, 2] . It is a layered material that has been identified as an itinerant ferromagnet [3] . AlFe 2 B 2 was first reported by Jeitschko [4] and independently by Kuz'ma and Chaban [5] in 1969. AlFe 2 B 2 crystallizes in an orthorhombic structure with space group Cmmm (Mn 2 AlB 2 structure type). The Al atoms located in 2a crystallographic position (0,0,0) form a plane which alternately stacks with Fe-B slabs formed by Fe atoms; located at 4j (0, 0.3554, 0.5) and B atoms located at 4i (0,0.1987,0) positions [6] . A picture of unit cell for AlFe 2 B 2 is shown in FIG. 1(a) . AlMn 2 B 2 and AlCr 2 B 2 are the other two known isostructural transition metal compounds. Among these 3 members only AlFe 2 B 2 is ferromagnetic; however the reported magnetic parameters for AlFe 2 B 2 show a lot of variation [1-3, 6, 7] . A good summary of all these variations is presented tabular form in a very recent literature [8] .
For example, the Curie temperature of this material is reported to fall within a window of 274 -320 K depending up on the synthesis route. Initial work indicates that, the Curie temperature of AlFe 2 B 2 was 320 K [3] . The Curie temperature of Ga-flux grown AlFe 2 B 2 was reported to be 307 K and for arcmelted, polycrystalline samples it was reported to be 282 K [1] . The Curie temperature for annealed, melt-spun ribbons was reported to be 312 K [6] . A Mössbauer study on arc-melted and annealed sample has reported the Curie temperature of 300 K [2] . At the lower limit, the Curie temperature of spark plasma sintered AlFe 2 B 2 was reported to be 274 K [7] . The reported saturation magnetic moment also manifests up to 25% variation from the theoretically predicted saturation moment of 1.25 µ B /Fe. The first reported saturation magnetization and effective moment values for AlFe 2 B 2 were 1.9(2) µ B /f.u. at 4.2 K and 4.8 µ B /Fe respectively [3] . Recently, Tan et al. has reported the saturation magnetization of 1.15 µ B /Fe and 1.03 µ B /Fe for before and after the HCl etching of an arcmelted sample [1] . The lower saturation moment, after the acid etching, suggested either the inclusion of Fe-rich magnetic impurities in the sample or degradation of the sample with acid etching. Recently, a study pointed out that the content of impurity phases decreases with excess of Al in the as cast alloy and by annealing [9] . The main reason for the variation in reported magnetic parameters is the difficulty in preparing pure single crystal, single phase AlFe 2 B 2 samples. To this end, detailed measurements on single phase, single crystalline samples will provide unambiguous magnetic parameters and general insight into AlFe 2 B 2 . In this work, we investigated the magnetic and transport properties of self-flux grown single crystalline AlFe 2 B 2 . We report single crystalline structural, magnetic and transport properties of AlFe 2 B 2 . We find that AlFe 2 B 2 is an itinerant ferromagnet with M C Msat ≈ 1.14 and the Curie temperature is initially linearly suppressed with hydrostatic pressure at rate of dT C dp ∼ −8.9 K/GPa. and B (Alfa Aesar, 99.99%) was arcmelted under an Ar atmosphere at least 4 times. The ingot was then crushed with a metal cutter and put in a fritted alumina crucible set [11] under the partial pressure of Ar inside an amorphous SiO 2 jacket for the flux growth purpose. The growth ampoule was heated to 1200
• C over 2-4 h and allowed to homogenize for 2 hours. The ampoule was then placed in a centrifuge and all liquid was forced to the catch side of crucible. Given that all of the melt was collected in catch crucible, this confirms that Al 50 Fe 30 B 20 is liquid at 1200
• C.
Knowing that the arcmelted Al 50 Fe 30 B 20 composition exists as a homogeneous melt at 1200
• C , the cooling profile was optimised as following. The homogeneous melt at 1200
• C was cooled down to 1180
• C over 1 h and slowly cooled down to 1080
• C over 30 h at which point the crucible limited, plate-like crystals were separated from the remaining flux using a centrifuge. The large platelike crystals had some Al 13 Fe 4 impurity phase on their surfaces which was removed with dilute HCl etching [7] . 
Characterization and physical properties measurements
The crystal structure of AlFe 2 B 2 was characterized with both single crystal X-ray diffraction (XRD) and powder XRD. The single crystal XRD data were collected within a 4
• -29
• angle value of 2θ using Bruker Smart APEX II diffractometer with graphite-monochromatized Mo-K α radiation source (λ = 0.71073Å). The powder diffraction data were collected using a Rigaku MiniFlex II diffractometer with Cu-K α radiation. The acid etched AlFe 2 B 2 crystals were ground to fine powder and spread over a zero background, Si-wafer sample holder with help of a thin film of Dow Corning high vacuum grease. The diffraction intensity data were collected within a 2θ interval of 5
• -100
• with a fixed dwelling time of 3 sec and a step size of 0.01
• .
The as-grown single crystalline sample was examined with a transmission electron microscopy to obtain Highangle-annular-dark-field (HAADF) scanning transmission electron microscopy (STEM) images, corresponding selected-area electron diffraction pattern and high resolution HAADF STEM image of AlFe 2 B 2 taken under [101] zone axis.
The anisotropic magnetic measurements were carried out in a Quantum Design Magnetic Property Measurement System (MPMS) for 2 K ≤ T ≤ 300 K and a Versalab Vibrating Sample Magnetometer (VSM) for 50 K≤ T ≤700 K.
The temperature dependent resistivity of AlFe 2 B 2 was measured in a standard four-contact configuration, with contacts prepared using silver epoxy. The excitation current was along the crystallographic a-axis. AC resistivity measurement were performed in a Quantum Design Physical Property Measurement System (PPMS) using 1 mA; 17 Hz excitation, with a cooling at a rate of 0.25 K/min. A Be-Cu/Ni-Cr-Al hybrid piston-cylinder cell similar to the one described in Ref. 12 was used to apply pressure. Pressure values at the transition temperature T C were estimated by linear interpolation between the room temperature pressure p 300K and low temperature pressure p T ≤90K values [13, 14] . p 300K values were inferred from the 300 K resistivity ratio ρ(p)/ρ(0 GPa) of lead [15] and p T ≤90K values were inferred from the T c (p) of lead [16] . Good hydrostatic conditions were achieved by using a 4:6 mixture of light mineral oil:n-pentane as a pressure medium; this mixture solidifies at room temperature in the range 3 − 4 GPa, i.e., well above our maximum pressure [12, 14, 17] . The crystallographic solution and parameters refinement on the single crystalline XRD data was performed using SHELXTL program package [18] . The Rietveld refined single crystalline data are presented in TABLES I, and II. Using the atomic coordinates from the crystallographic information file obtained from single crystal XRD data, powder XRD data were Rietveld refined with R P = 0.1 using General Structure Analysis System [19] ( field. The M(T) data suggest a Curie temperature (T C ) of ∼ 275 K using an inflection point of M(T) data as a criterion. This value will be determined more precisely below to be T C = 274 K using easy axis M(H) isotherms around Curie temperature. respectively.
Given that AlFe 2 B 2 has T C ∼ room temperature, and is formed from earth abundant elements, it is logical to examine it as a possible magnetocaloric material. The easy axis, [100], M(H) isotherms around the Curie temperature (shown for the Arrott plot in FIG. 3(d) ) were used to estimate the magnetocaloric property for AlFe 2 B 2 in-terms of entropy change using following equation [1, 21] :
where H i , H f are initial and final applied fields and T 2 − T 1 is the change in temperature. For this formula to be valid, T 2 − T 1 should be small. Here T 2 − T 1 is taken to be 1 K. The entropy change calculation scheme in one complete cycle of magnetization and demagnetization is estimated in terms of area between two consecutive isotherms between the given field limit as shown in FIG. 4(a) . The measured entropy change as a function of temperature is presented in FIG. 4(b) . The entropy change in 2 T and 3 T applied fields is maximum around 276 K being 3.78 Jkg −1 K −1 and 4.87 Jkg −1 K −1 respectively. The 2 T applied field entropy change data of this experiment agrees very well with reference [8] , shown as 2 T * data in FIG. 4(b) . The entropy change values for our single crystalline samples are in close agreement with previously reported polycrystalline sample measured values as well [1, 6] .
Although, AlFe 2 B 2 is a rare-earth free material, its magnetocaloric property is larger than lighter rare-earth RT 2 X 2 (R = rare earth T = transition metal, X = Si,Ge) compounds with ThCr 2 Si 2 -type structure (space group I4/mmm) namely CeMn 2 Ge 2 (∼ 1.8 Jkg
, it has comparable entropy change with elemental Gd(∼ 5.0 Jkg
. These results shows that AlFe 2 B 2 has the potential to be used for magnetocaloric material considering the abundance of its constituents.
To precisely determine the Curie temperature, an Arrott plot was constructed using a wider range of M(H) isotherms along the [100] direction (FIG. 3(d) ). In an Arrott plot M 2 is plotted as a function of Hint M . H int = H app -N*M is internal field inside the sample after the demagnetization field is subtracted. In this case the experimental demagnetization factor along the easy axis of the sample was found to be almost negligible because of its thin, plate-like shape with the easy axis lying along the longest dimension of the sample. The detail of determination of the experimental demagnetization factors and their comparison with theoretical data is explained in the references [21] and [26] . The Arrott plots have a positive slope indicating the transition is second order [27] . In the mean field approximation, in the limit of low fields, the Arrott isotherm corresponding to the Curie temperature is a straight line and passes through the origin. In FIG. 3(d) , the isotherm corresponding to 276 K passes through the origin but it is not a perfectly straight line. This suggests that the magnetic interaction in AlFe 2 B 2 does not obey the mean-field theory. In the mean-field theory, electron correlation and spin fluctuations are neglected, but these can be significant around the transition temperature of an itinerant ferromagnet.
Since the Arrott plot data are not straight lines, a generalized Arrott plot is an alternative way to better confirm the Curie temperature. The generalized Arrott plot derived from the equation of the state [28] (
is shown in FIG. 5 . The critical exponents β and γ used showing the change in entropy (∆S) evaluation scheme at its highest value (b) change in entropy with 2 T and 3 T applied fields using easy axis [100] isotherms. For the sake of comparison, the 2 T * field data are taken from the reference [8] .
in equation of state are derived from the Kouvel-Fisher analysis [29, 30] . To determine β, the equation used was:
where the slope is 
where the slope is 1 γ and χ −1 (T ) is the initial high temperature inverse susceptibility near the transition temperature. The experimental value of the γ was determined to be 1.180 ± 0.005 as shown in FIG. 6 .
Finally the third critical exponent δ was determined using the equation:
by plotting ln(M ) vs ln(H ) (FIG. 7) corresponding to Curie temperature 274 K. The experimental value of the δ was determined by fitting ln(M ) vs ln(H ) over different ranges of applied field H. Taking the average of the range of the δ value as shown in FIG. 7 we determine δ to be Figure 8 . Normalized isotherms to check the validity of scaling hypothesis. The isotherms in between 270-273 K are converged to higher value (T<TC ) and isothems inbetween 275-280 K are converged to lower value(T>TC ). The inset shows the corresponding log-log plot clearly bifurcated in two branches in low field region.
4.9 ± 0.1 which was closely reproduced (4.93 ± 0.03) with Widom scaling theory δ = 1 + γ β . Additionally, the validity of Widom scaling theory demands that the magnetization data should follow the scaling equation of the state. The scaling laws for a second order magnetic phase transition relate the spontaneous magnetization M S (T) below T C , the inverse initial susceptibility χ −1 (T ) above T C , and the magnetization at T C with corresponding critical amplitudes by the following power laws:
Where M 0 , Γ and X are the critical amplitudes and =
is the reduced temperature [32] . The scaling hypothesis assumes the homogeneous order parameter which with scaling hypothesis can be expressed as
Where f + (T> T C ) and f − (T< T C ) are the regular functions. With new renormalised parameters, m = −β M (H, ) and h = −(β+γ) M (H, ) equation 9 can be written as
Up to the linear order, the scaled m vs h graph is plotted as shown in FIG 8 along with an inset in log-log scale which clearly shows that all isotherms converge to the two curves one for T> T C and other for T< T C . This graphically shows that all the critical exponents were properly renormalized.
Finally the consistency of the critical exponents β and γ is demonstrated (shown in FIG. 9(a) [31] and and initial inverse susceptibility χ −1 (T ) with 1 T applied field. The extracted data well fit [32] with corresponding power laws in equation (6) and (7) Msat ) nearly equal to 1.14, where M C (M C + 2) = M ef f 2 , this compound shows signs of an itinerant nature in its magnetization [33] .
Itinerant magnetism, in general, can be tuned (meaning the size of magnetic moment and Curie temperature can be altered significantly and sometime even suppressed completely) with an external parameter like pressure or chemical doping. As a case study, we investigated the influence of the external pressure on the ferromagnetism of AlFe 2 B 2 . Figure 10 shows the pressure dependent resistivity of single crystalline AlFe 2 B 2 with current applied along the crystallographic a-axis. It shows metallic behaviour with a residual resistivity of 60 µΩ cm. The ambient pressure temperature dependent resistivity of AlFe 2 B 2 shows a kink around 275 K, indicating a loss of spin disorder scattering associated with the onset of ferromagnetic order. As pressure is increased to 2.24 GPa the temperature of this kink is steadily reduced. To determine the transition temperature T C , the maximum in the temperature derivative dρ/dT is used, as shown in the inset of FIG. 10 . The pressure dependence of T C , the temperature -pressure phase diagram of AlFe 2 B 2 is presented in FIG. 11 . The transition temperature, T C , is suppressed from 275 K to 255 K when pressure is increased from 0 to 2.24 GPa, giving a suppression rate of -8.9 K/GPa. Interestingly, Curie temperature suppression rate of AlFe 2 B 2 is found to be comparable to the model itinerant magnetic materials like helimagnetic MnSi (∼ −15 K/GPa) [34] , and weak ferromagnets ZrZn 2 (∼ −13 K/GPa) [35] and Ni 3 Al (∼ −4 K/GPa) [36] . A linear fitting of the data as shown in FIG. 11 indicates that to completely suppress the T C around 31 GPa would be required. Usually such linear extrapolation provide an upper estimate of the critical pressure.
FIRST PRINCIPLES CALCULATIONS
Theoretical calculations for AlFe 2 B 2 were performed using the all electron density functional theory code WIEN2K [37] [38] [39] . The generalized gradient approximation according to Perdew, Burke, and Ernzerhof (PBE) [40] was used in our calculations. The sphere radii (RMT) were set to 2.21, 2.17, and 1.53 Bohr for Fe, Al, and B, respectively. RK max which defines the product of the smallest sphere radius and the largest plane wave vector was set to 7.0. All calculations were performed with the experimental lattice parameters as reported in reference [41] (which are consistent with our results) and all internal coordinates were relaxed until internal forces on atoms were less than 1 mRyd/Bohr-radius. All the calculations were performed in the collinear spin alignment. The magnetic anisotropy energy (MAE) was obtained by calculating the total energies of the system with P ( G P a ) Figure 11 . Temperature -pressure phase diagram of AlFe2B2 as determined from resistivity measurement. Pressure values were estimated as being described in Fig. 10 and in the text. Error bars indicate the room temperature pressure P300K and low temperature pressure P T ≤90K . As shown in the figure, in the pressure region of 0 − 2.24 GPa the ferromagnetic transition temperature TC is suppressed upon increasing pressure, with suppressing rate around −8.9 K/GPa. spin-orbit coupling (SOC) with the magnetic moment along the three principal crystallographic axes. For these MAE calculations the k-point convergence was carefully checked, and the calculations reported here were performed with 120,000 k-points in the full Brillouin zone.
Similar to the experimental observation, AlFe 2 B 2 is calculated to have ferromagnetic behaviour, with a saturation magnetic moment (we do not include the small Fe orbital moment) of 1.36 µ B /Fe. This is in reasonable agreement with the experimentally measured value of 1.21µB/Fe. Interestingly this calculated magnetic moment on Fe, is significantly lower than the moment on Fe in BCC Fe (2.2 µ B /Fe ) further suggesting a degree of itinerant behaviour. The calculated density of states is shown in FIG. 12 . As expected for a Fe-based ferromagnet, the electronic structure in the vicinity of the Fermi level is dominated by Fe d orbitals and we observe a substantial exchange splitting of 2-3 eV.
For an orthorhombic crystal structure, the magnetic anisotropy energy is described by total energy calculations for the magnetic moments along each of the three principal axis [42] . For AlFe 2 B 2 we find, the [100] and [010] axes to be the "easy" directions, separated by just 0.016 meV per Fe, with [100] being the easiest axis. The [001] direction is the "hard" direction, which lies 0.213 meV per Fe above the [100] axis. As in our previous work on HfMnP [21] , this value is much larger than the 0.06 meV value for hcp Co and likely results from a combination of the orthorhombic crystal structure and the structural complexity associated with a ternary compound. The 0.213 meV energy difference on a volumetric basis corresponds to a anisotropy constant K 1 as 1.48 MJ/m 3 . (Note that we use the convention of the previous work and simply define K 1 for an orthorhombic system as the energy difference between the hardest and easiest directions.) This magnetic anisotropy constant describes the energy cost associated with the changing the orientation of the magnetic moments under the application of a magnetic field, and is an essential component for permanent magnets. It is noteworthy that this anisotropy is comparable to the value of 2 MJ/m 3 proposed by Coey for an efficient permanent magnet [43] , despite containing no heavy elements, using the approximation that H a ≈ 2µ 0 K 1 /M s , with K as 1.48 MJ/m 3 and M s as 0.68 T, yields an anisotropy field of 5.4 T, which is in excellent agreement with the experimentally measured value of 5 T and K 001 ≈ 1.8 M J/m 3 .
CONCLUSIONS
Single crystalline AlFe 2 B 2 was grown by self-fluxgrowth technique and structural, magnetic and transport properties were studied. AlFe 2 B 2 is an orthorhombic, metallic ferromagnet with promising magnetocaloric behaviour. The Curie temperature of AlFe 2 B 2 was determined to be 274 K using the generalized Arrott plot method along with estimation of critical exponents using Kouvel-Fisher analysis. The ordered magnetic moment (M sat ) at 2 K is 1.20µ B /Fe at 2 K which is much less than paramagnetic Fe-ion moment at high temperature (2.15µ B /Fe) indicating itinerant magnetism. The magnetization in AlFe 2 B 2 responds to the hydrostatic pressure with 
